INTRODUCTION
When people are working around a nuclear reactor, a fuel container or a particle accelerator, situations presenting a mixed neutron/gamma environment are very common, necessitating, next to routine gamma dosimetry, accurate routine neutron dosimetry as well. It would be optimal to have neutron dosimeters capable of measuring the dose with the same accuracy as the existing ones for gamma. But the fact that the neutron dose is strongly dependent on the neutron energy implies extra features to the neutron detectors.
Ambient and personal neutron monitors are therefore built in such a way that their energy response curve approaches the energy dependency curve of the neutron dose. This approximation is never perfect, which causes significant differences in behavior of the monitors depending on the energy spectrum of the neutron source. Most of the neutron monitors even lack the requirement of providing a combined standard uncertainty of less than 50% 3 . In order to evaluate the state of the art on dosimetry techniques in representative workplaces of the nuclear industry with mixed neutron/photon radiations, the European Commission funded the project EVIDOS within the 5th Framework Program 15, 16, 17 . Seven European institutes joined efforts with end users at nuclear power plants, at fuel processing and reprocessing plants, and at transport and storage facilities. The overall conclusions from the project was that a significant spread of the results is observed for the personal detectors tested and that none of them give a good response to be used solely. The best results are obtained in hard spectra, since many dosemeters overrespond significantly in soft spectra. Personal dosemeters responses depend strongly on the neutron energy spectra and angular orientation, showing that these data must be known for accurate personal dosimetry on neutron fields 15, 16, 17 . Following the conclusions from the EVIDOS project, this paper presents a method to estimate the personal dose equivalent using field specific correction factors, calculated using a simple spectrometer, area survey monitors and personal dosimeters.
MATERIALS AND METHODS
In order to obtain a reliable value for the personal dose equivalent, several measurements are performed intended to:
DERIVE THE ENERGY DISTRIBUTION OF THE NEUTRON FLUENCE
The energy spectrum is determined using a Microspec-2 Nprobe, developed by BTI bubble Technologies. Thermal and epithermal neutrons are measured with a 3 He counter encased within a special 10 B shield, separated in two energy bins. Fast neutrons are measured and presented in 16 energy bins by using a liquid scintillator 6 .
DETERMINE A REFERENCE VALUE FOR THE AMBIENT DOSE EQUIVALENT RATE
The ambient dose equivalent rate dH*(10)/dt is evaluated using different ambient monitors, such as Studsvik 2202D 16, 18 , Wendi II 16, 18 , Harwell Instruments N91 16, 18 and Berthold LB6411 16, 18 . They all use 1/v proportional counters, based on either the 3 He(n,p) or 10 B(n, α) reactions.
DETERMINE THE ANGULAR DISTRIBUTION
OF THE NEUTRON FLUENCE The angular distribution of the neutron fluence was estimated using both active and passive personal dosimeters, by placing them in four angular orientations on a slab phantom, namely front, back, left and right ( Figure 1 ). Two types of active detectors were used, being DMC2000 GN 11 and Thermo EPDN-2 15 . The passive detectors included in the project were BTI Bubble Technologies BD-PND (fast) and BDT (thermal) bubble detectors 19, 20 . Similar calculations were made to achieve site specific average conversion coefficients for hp (10, 
With ϕ F , ϕ L , ϕ R and ϕ B being respectively the fluence coming from the front, the left, the right and the back of the slab phantom ( Figure 1 ). These partial dose rates are summed together to obtain a reference value for the personal dose equivalent rate dHp(10)/dt.
COMPARE THE DOSIMETERS READINGS WITH THE REFERENCE VALUES OF THE RADIATION PROTECTION QUANTITY Hp(10)
The readings of the personal monitors placed in the front of the phantom (normal position to wear a dosimeter), were compared to the reference value for the personal dose equivalent rate dHp(10)/dt. The result of this comparison is a series of site specific conversion coefficients for each detector type to allow a programme for accurate routine neutron dosimetry.
RESULTS
To validate our method, tests were performed around a cask container and compared to reference measurements done in our laboratory for nuclear calibrations (KAL), where we have access to three different 252 (Figure 2 ). The cask container is placed in a room with dimensions (10 x 20 x 4) m³.
The temperature was monitored during all the measurements, being the average temperature (31±1) °C at the cask room and (21±2)°C in the KAL. 
TRANSPORT CASK ENERGY DISTRIBUTION
Spectroscopic measurements were taken with the Nprobe at all the points and can be seen in Figure 3 (larger graph). All of the spectra have large contributions from high energy neutrons. For position 3, the spectrum is broad, this can be explained by the fact that the spectrum was taken from the side of the cask.
The smaller graph from Figure 3 shows the energy distribution acquired with the Nprobe for our reference 252 Cf source (red line) compared to the energy distribution expected for a 252 Cf source (ISO 8529-3 10 -black line). The main peak on 2 MeV can be seen in both spectra, showing that the Nprobe can give, in this case, a reasonably close estimate of the real energy distribution. The Nprobe results of the fluence rate, ambient dose equivalent rate and average fluence-to-dose equivalent conversion coefficients for each position are given in Table 1 
REFERENCE VALUES FOR H*(10)
As explained in the 'Materials and Methods' section, Ambient monitors were used to obtain a reference value for the ambient dose equivalent rate dH*(10)/dt. Data from the ambient monitors were taken for each measurement point and corrected for their energy dependence, using energy dependency curves from literature 15, 17 and the cask energy spectrum (acquired with the Nprobe); then reference dH*(10)/dt was obtained by averaging the energy corrected dose rate from the ambient monitors.
The measured and corrected dH*(10)/dt value for the positions in the cask and for the reference measurement using a 252 Cf source (KAL) are shown in Table 2 . In a next step the reference value for dH*(10)/dt was used to estimate the total neutron fluence using the average ) 10 ( * h conversion factors. The values are presented in Table 3 . 
REFERENCE VALUES FOR Hp(10)
Reference values for the personal dose equivalent rate dHp(10)/dt were calculated using the information about the angular distribution of the neutron fluence. As explained in the methods and materials' section, personal monitors were placed on a slab phantom and data were collected (Table 4 ) to obtain this information.
First of all, the readings of the active personal monitors were corrected for energy and temperature dependence.
For further calculations, the assumption was made that the energy spectrum remains ) is most likely to have a more thermalized spectrum. However, this assumption is only used to estimate the contribution of the different sides, through the response of the personal monitors at the sides of the phantom. Since the contribution of the back is the least important, the uncertainty introduced by this assumption can be considered small.
Moreover the personal monitors were assumed to have a perfect angular response. The contribution to the fluence rate coming from each one of the directions, for every measurement position, is calculated using as information the average measured, energy corrected dose equivalent rate and the fluence to personal dose equivalent conversion factors as shown in Eq 3. The contribution from the back (180 o ) is considered negligible, since this is attenuated by the phantom. Together with the average fluence to personal dose equivalent conversion coefficients ) , 10 ( x hp , the angular distribution was used to calculate the partial dose rates, which are combined together to a reference value for dHp(10)/dt. The values for the fluence to personal dose equivalent conversion coefficients, the relative angular distributions, the partial dose rates and the reference values for dHp (10) /dt are presented in Table 5 . To propose site specific correction factors for routine neutron dosimetry, one must take into account a person present in a working place is constantly moving. Therefore, the field specific correction factors can be averaged out over the measurement locations.
CONCLUSION
A method for the evaluation of the neutron dose in mixed neutron/gamma fields has been proposed and tested. The method tries to achieve reliable results using not many devices and a low mathematical workload. Information about the energy distribution of the neutron fluence was obtained using a relatively simple spectrometer, the Nprobe. dH*(10)/dt reference values were acquired using the energy corrected dose rate measured by area monitors (Studsvik 2202D, Harwell and Berthold). The Nprobe data were used to determine average h*(10) and hp(10) conversion values, allowing us to calculate the total neutron fluence and dHp(10,0)/dt. Angular distribution was measured using personal dosemeters (EPD-N2 and DMC2000 GN), where relative contribution in every direction was calculated for 0°, 90°, 180° and 270° in different measurement positions (Chyba! Nenalezen zdroj odkazů.). As a result, correction factors for the electronic personal dosemeters can be determined (from Table 6 ). The measured personal dose equivalent rate from the DMC normalized by the total personal dose equivalent values are within the accuracy determined for neutrons (50%), so no correction factor would be necessary; this is not the case for the EPD-N2. For the EPD-N2 the measured personal doses underestimate the reference value for position 1 and position 2 (also for the Cask NTL M), while it overestimates for position 3 (with more than 50%) and position 4; an average correction factor of 1.13 would be a suggestion.
To validate our method, measured data were compared with predictions on a reference calibration laboratory (KAL) and yielded reasonable agreement. Additional calculations were carried out using spectra presented in EVIDOS project report. These calculations provided similar results for Hp (10) showing that when no information is available about the energy spectrum it is still possible to use tabulated correction factors for some classes of workplace fields, such as transport casks, with fairly good agreement.
